Multiphoton up-down-up-...͑UDU͒ excitation in a two-level system was realized under adiabatic conditions. Spectra of C 2 H 4 excitation were investigated and UDU peaks were observed. The dependence of peak amplitudes on the powers and the frequencies of exciting fields were investigated experimentally as well as by computer simulation based on the rotating wave approximation ͑RWA͒. Agreement between experimental and theoretical results was observed.
I. INTRODUCTION
The recent achievements in high resolution spectroscopy of molecules, [1] [2] [3] [4] which were reached with the deep cooling of molecules in a beam expansion and detected by a sensitive bolometer measuring the energy of excitation of molecules, opened possibilities to investigate new processes of nonlinear multiphoton excitation of molecules in intense laser fields. In this paper we consider the process of multiphoton up-down-up-... ͑UDU...͒ resonant excitation of a two-level system by multicolor laser radiation. To our knowledge, this process has never been investigated before, in contrast to other nonlinear effects ͑see Refs. 5 and 6͒ such as the multiphoton up-up-up-... excitation, saturation effects, Rabi oscillations, rapid adiabatic passage ͑RAP͒ effects, ac-Stark effect and degenerate four wave mixing ͑DFWM͒ in a two level system.
To observe a process of multiphoton resonant UDU excitation in a two level system at least two laser fields must be used. Efficient excitation of the upper level via a multiphoton pathway can be achieved if the frequencies 1 and 2 satisfy the resonance condition for a 2•Nϩ1 multiphoton UDU transition in a two level system of a and b states,
The alternation of up and down steps of excitation brings all virtual levels of multiphoton scheme close to the real levels a and b if the detunings ⌬ 1 ϭ 1 Ϫ ab and ⌬ 2 ϭ 2 Ϫ ab are small enough. ͑See also the level schemes incorporated in the spectrum of Fig. 2 .͒ The resonant condition can be rewritten as
On the other hand, to avoid other nonlinear effects than those mentioned the frequencies 1 and 2 must be far enough from the resonance with ab . No laser field must be able to saturate the one photon transition, neither under collisional nor under collisionless conditions. For the collisionless conditions of excitation considered in this paper, it means that Rabi frequencies, R i , must be smaller than detunings from the one-photon resonance,
where R i ϭd ab E i /ប, d ab ϭdipole moment of transition, E i ϭfield strength of an appropriate field. At the same time the Rabi frequencies and the duration of excitation have to be large enough to provide high excitation efficiency, W, which can be estimated in the weak field limit to be
where stands for the duration of the excitation process. In contrast to the well known up-up-... multiphoton excitation the latter condition can be easily achieved at moderate intensities of laser fields because in the UDU scheme the detuning ⌬ can be made almost arbitrarily small. All the principal conditions of UDU excitation can be realized with current experimental techniques using the cooling of molecules in a molecular beam and the excitation of a vibrational-rotational transition by cw CO 2 laser beams of Gaussian profile.
The rotational-vibrational transitions of molecules are convenient for the investigation of UDU excitation because of the very slow spontaneous decay. In combination with the collisionless conditions of excitation which can be realized in a molecular beam, the excitation process takes place under relaxation free conditions. The molecular beam technique has the additional advantage of reducing the Doppler broadening as well and a Doppler residue of about 1 MHz can be achieved. The use of a highly sensitive bolometer makes it possible to measure the energy absorbed by molecules in the beam.
The Gaussian profile of the laser beams crossing the molecular beam yields adiabatic excitation, which is important for the suppression of power broadening of the transitions under investigation. 7 Under adiabatic conditions of excitation the linewidth of resonances is mainly determined by time-offlight broadening; this can easily be varied by changing the waist of the laser beam.
The observed linewidth of resonances in molecular spectra can be 1-2 MHz, with the applied experimental tech-niques. If the detunings are ⌬ 1 ϳ⌬ 2 ϳ10Ϫ100 MHz, the UDU and UDUDU excitation processes can be easily observed, as it will be shown below, at laser powers of 1-10 W.
The C 2 H 4 molecule was chosen for the UDU experiments. The spectroscopic parameters of C 2 H 4 are well known ͑see, e.g., Refs. 8 -10͒. This allows to conduct theoretical simulations of the UDU process by numerical calculations based on the rotating wave approximation ͑RWA͒ suited for simulations with arbitrary shapes of exciting laser pulses. It will be shown that the main features of the UDU processes observed in the experiment are in qualitative and quantitative agreement with the theoretical picture of the process. The line shape of UDU resonances and the behavior of peak amplitudes as function of laser frequencies and laser beam powers are subject of the investigation presented in this paper, from an experimental as well as computer-simulation point of view. If UDU excitation dominates other nonlinear effects can be observed as second order processes, only. It will be shown that at high intensities of laser fields saturation of absorption occurs and an ac-Stark shift of UDU resonances can be observed.
II. EXPERIMENT
The experimental setup has been described before, [1] [2] [3] [4] and details can be found there. Essentially, it consists of a molecular beam apparatus and cw CO 2 laser systems. In Fig.  1 a schematical picture is drawn of the molecular beam-laser interaction setup. Use is made of two stable CO 2 waveguide lasers locked to stable Fabry-Perot etalons ͑F.P.I.͒. In the experiments laser 1 is fixed in frequency and mechanically chopped whereas laser 2 is not chopped but scanned in frequency by tuning its etalon. In this way spectra are produced as a result of the combined action of both lasers. Along with the radiation of laser 2 also a thermally stabilized HeNe-laser was aligned through its FPI in order to give frequency markers ͑separated by 4.5 MHz͒ when the FPI was scanned. With these markers the relative frequency differences between observed absorption peaks could be determined with an accuracy of 1 MHz. For the absolute frequency calibration of the spectrum we used the saturation dip obtained from the CO 2 fluorescence at line center. 2, 8 The molecular beam is formed by an expansion of a 5% mixture of C 2 H 4 in He through a 0.03 mm diameter circular nozzle. The stagnation conditions are P 0 ϭ3000 Torr and T 0 ϭ300 K. After the molecules have passed the laser fields they impinge on a cold bolometer, T b ϭ1.5 K, transferring their energy. 11 Lock-in techniques are used to select laser induced signals and to minimize the noise.
The C 2 H 4 molecules have a fundamental vibration band, 7 ͑at 949 cm Ϫ1 ͒, which lies in the range of the CO 2 laser. The rovibrational transition from the ͑4,1,3͒ ground state to the ͑5,0,5͒ vibrational excited state is used in this experiment. The rotational levels are described by the quantum numbers (J,K a ,K c ). The CO 2 laser nearly concides with this transition on the 10P10 laser line with an offset of Ϫ98 MHz. 8 Use is made of an opto acoustic modulator ͑OAM͒ to shift the laser frequency by ϩ or Ϫ100 MHz per pass, with the laser power reduced by about 50% per pass. Laser 2 is used with a single OAM pass yielding a power of 2 W at line center. Laser 1 is used without OAM giving a power of 6 W at line center, with a waveguide amplification stage added. Both lasers are focused on the molecular beam by spherical lenses with a focal length of f ϭ20 cm. The waist diameter of laserbeam 1 ͑2͒ is 0.6 mm ͑0.5 mm͒ in its focus. Figure 2 shows typical spectra obtained with this experimental setup. The picture is the result of scanning the frequency of laser 2 while fixing the laser 1 frequency at a value on the blue side of the resonance value ab . Two UDU peaks A and B are observed according to the conditions 2•⌬ 2 ϭ⌬ 1 and ⌬ 2 ϭ2•⌬ 1 . The difference between the two peaks is that the role of the lasers is interchanged, causing absorption or emission. Peak C is another multiphoton absorption, the UDUDU transition fulfilling the condition 3•⌬ 2 ϭ2•⌬ 1 . The UDUDU peak with 2•⌬ 2 ϭ3•⌬ 1 is not observed because its signal is too weak as compared to the noise.
III. EXPERIMENTAL RESULTS
The spectral feature D at ⌬ 2 ϭ⌬ 1 originates from the C 2 H 4 cluster absorption, at deliberately increased stagnation pressure. The absorption spectrum of clusters is inhomogeneously broadened. Excitation of clusters leads to their fragmentation. The fragments are scattered over a wide solid angle and most of them never approach the bolometer. In contrast with the absorption by molecules the fragmentation of clusters thus leads to a decrease of the bolometer signal. When laser 2 has a frequency equal to that of laser 1, both fields fragment the same group of clusters and a positive peak is obtained in the spectrum recorded by the bolometer, with the lockin technique. Thus the peak D marks the frequency which coincides with the frequency position of laser 1. When the stagnation pressure of the beam is reduced the peak D vanishes because the amount of clusters formed in the expansion decreases. The characterization of multiphoton absorption spectral features can be accomplished with the aid of shift experiments. When the frequency of laser 1 ͑that is, ⌬ 1 ͒ is shifted, the same spectral features occur at a different detuning ⌬ 2 . The relation of ⌬ 2 with ⌬ 1 indicates what kind of feature we are dealing with. In Fig. 2 different spectra are shown for three different laser 1 detunings. Corresponding features are connected by straight lines. The slopes of the lines indicate how many and which photons are used in the excitation. We see for the line of the UDU peak A a slope of 1/2 in accordance with the relation 2•⌬ 2 ϭ⌬ 1 . For the other features B, C, and D we find slopes of 2, 2/3, and 1, also characteristic for their nature.
In Fig. 3 the peak frequencies are plotted vs the frequency detuning of laser 1. Linear approximations are plotted through the data points. The slopes of these lines are in good agreement with the theoretical prediction 1/2, 2/3, and 2. The linear approximations of the data points show a zero offset attributed to the ac-Stark shift generated in the twolevel system by the two strong laser fields. Though this acStark shift is rather small it exceeds the spectral resolution of 1 MHz and, as will be shown below, it is in good agreement with the theoretical simulations.
The intensity dependence of the UDU peaks was also measured, as a function of laser powers and detunings. In the weak field approximation the excitation probability of the UDU process should obey Eq. ͑4͒. In Fig. 4 the intensity dependence of the UDU peak A is shown vs the power of laser 2. The data are taken using a power of 2 W and a detuning of 22 MHz, for laser 1. In Fig. 5 the intensity dependence of the UDUDU peak C is shown vs the power of laser 1. Here the power of laser 2 is 6 W and its detuning is 19 MHz. Both observed dependencies are in good agreement with the computer simulated curves. These results show that the weak field approximation is valid for the used powers of exciting fields. The amplitude of the UDU peak ͑Fig. 4͒ depends linearly on the power of the ''down'' field ͑in this specific case laser 2 is responsible for stimulated emission, i.e., a down transition͒, even though the UDU transition is a three-photon process. The power dependence of the peak amplitude of UDUDU is close to cubic at low powers of the ''up'' field ͑laser 1, here͒. It is a convincing result which shows that the presumed UDUDU process is a multiphoton resonance, indeed. At high powers deviation from the weak field behavior is observed in agreement with the computer simulations; this shows that ''saturation'' effects occur at high powers.
The peak intensities vs ⌬ 2 are shown in Figs. 6 and 7 for UDU and UDUDU peaks, respectively. The detuning of laser 1 was changed appropriately according to the resonance conditions of excitation as discussed above. On decreasing the detuning the peak intensity increases. This resonant enhancement of peak amplitudes is in qualitative but not quantitative agreement with relation ͑4͒. For decreasing ⌬ i the weak field approximation becomes invalid. A rather good fit to the data points for peak height, W, is obtained with the function Wϰ⌬ Ϫx . For UDU the fit yields xϭ2 and for UDUDU xϭ4.2. Theoretical curves were obtained by computer simulation and are presented in Figs. 6 and 7. Again, good agreement between experimental results and calculated curves is observed. The significant increase of peak amplitudes with decreasing detuning confirms that weak field conditions become violated.
IV. COMPUTER CALCULATIONS BASED ON RWA
The 7 band of C 2 H 4 molecule is rather well investigated from the spectroscopic point of view and the relevant information for simulation of the UDU process is available. [8] [9] [10] Because the C 2 H 4 molecule in the ground electronic state is approximately a prolate symmetrical top, the ͑4,1,3͒→͑5,0,5͒ transition under investigation can be described as R-type ⌬K ϭϪ1 transition.
Both lower and upper states are M degenerate. For linearly polarized light only ⌬M ϭ0 transitions are allowed. Thus, subsystems with specific M value can be considered as separate two-level systems. Because of symmetry, the subsystems with opposite sign of M are equivalent and M ϭ0,1,2,3,4 characterize all different transitions ͑4,1,3͒→͑5,0,5͒. In the following thermal equilibrium population of the lower state will be assumed with the partitioning of 1/9 for the M ϭ0 sublevel and 2/9 for sublevels with ͉M ͉ Ͼ0.
For each M subsystem the transition dipole moment d(M ) can be easily expressed via the dipole moment of the
where C cd,e f ab is an appropriate Clebsch-Gordan coefficient. The d 7 -value amounts to 0.133 D, as follows from the integral cross section measurement of the 7 band of C 2 H 4 . 10 The explicit formula for d(M ) thus yields d͑ M ͒ϭd 7 ͱ5/99ͱ1ϪM 2 /25.
͑6͒
The multiphoton excitation of each M subsystem was modeled in the rotating wave approximation ͑RWA͒, using the following set of equations for the probability amplitudes C a and C b of the lower and upper level 
where ⌬ i is given in MHz; the quantity tϭ2••10 6
•T is proportional to the normal time T; R i (t)ϭ10
Ϫ6 E i (t)
•d(M )/2h are the Rabi frequencies, in MHz. With the Gaussian shape of exciting pulses, as experienced by molecules crossing Gaussian laser beams, R i (t) is proportional to exp͕Ϫ͑t/͒ 2 ͖ where is the duration of the two pulses ͑assumed equally sized and coinciding͒. If the molecules cross a laser beam at its minimum waist one has ϭ10
6
•w/v where w is the waist radius of the laser beam intensity and v is the molecular velocity. For the simulations with the Gaussian beam profile the value of was 0.9, corresponding to a waist wϭ0.6 mm and a velocity of vϭ2•10 5 cm/s. For the commonly used laser powers of P 1 ϭ6 W and P 2 ϭ2 W, peak values of the Rabi frequencies were evaluated for the M ϭ0 subsystem to be R 1 ϭ10.7 MHz and R 2 ϭ6.27 MHz.
The numerical solution of the set of equations ͑7͒ was obtained using the fourth-order Runge-Kutta algorithm. For certain values of ⌬ 1 , ⌬ 2 , and and for the time dependencies of R 1 and R 2 , the evolution of each M subsystem was calculated. By varying the appropriate parameters the frequency and power dependencies were obtained. Figure 8 shows the calculated spectral dependence of total number of absorbed quanta for ⌬ 1 ϭ30 MHz. For comparison also the spectrum is presented calculated for rectangular pulses of duration sq ϭ0.9 and fixed amplitudes of R 1 ϭ10.7 MHz and R 2 ϭ6.27 MHz. The square pulses do not satisfy the adiabaticity condition for excitation because of their sharp pulse edges. 7 As a result there are many maxima observed which do not satisfy a simple resonance condition but arise from complex Rabi oscillations in the two-level system pumped by two-frequency fields. If for the Gaussian pulses the absolute value of ␦ϭ(Nϩ1)⌬ 1 ϪN⌬ 2 satisfies the approximate adiabaticity condition, Ϫ1 Ӷ͉␦͉, ͑8͒
the two-level system will return to its initial state even though during the interaction it has been transiently excited via complex Rabi oscillations. There are three peaks ͑A, B, and C͒ in the spectrum of Fig. 8 , calculated for Gaussian pulses, which can be easily assigned as UDU peaks. The peaks A and C are UDU and UDUDU peaks if field 1 produces ''down'' transitions and field 2 ''Up'' transitions. The peak B corresponds to the inverted situation for the UDU transition being weaker than UDU peak A because its detuning ⌬ 2 is larger. For the same reason the UDUDU peak nearby B does not appear without an appropriate magnification of the vertical scale.
The positions of peaks A, B, and C are in approximate agreement with the principal condition ͑2͒ of UDU resonances. The small deviation from ͑2͒, ␦ s arises due to the ac-Stark shift of the participating levels which is taken into account within the simulation. A rough estimate of this acStark shift can be given as
The observed shifts of peaks A, B, and C are in agreement with this estimate. Note that the Rabi frequencies are time dependent; therefore we need computer simulations to get reliable theoretical predictions that can be compared with the experimental results. In Fig. 9 the calculated frequencies of different types of UDU resonances are plotted vs the detuning ⌬ 1 . In the simulations the detunings ⌬ 1 were chosen close to the experimental values. Linear fits of the calculated results were performed with slopes fixed to the expected values of 1/2, 2/3, 3/2, and 2. The outcome is included in Fig. 9 . agreement between experiment and computer modelling shows that all physically important features of the process were taken into account. As a consequence, theoretical results in units of absorbed quanta can be used for the calibration of experimental results ͑obtained in arbitrary units of bolometer signal, see also Figs. 4 -7͒. On the other hand, the theoretical model can be used to simulate the excitation process under conditions which are difficult to realize with nowadays experimental equipment but which are interesting for the investigation of the features of UDU process. Figure 10 shows the simulated line profile of peak A as well as the contribution of each M subsystem. The influence of the value of the transition dipole moment on the ac-Stark shift is evident; remember that this dipole moment is M dependent. Because the ac-Stark shift is time dependent the line shape of an UDU resonance can be drastically changed by varying the parameter . Figure 11 shows the simulated line shape of peak A calculated with increased deliberately to 3. The absorption spectrum for M ϭ0 is also presented in Fig. 11 . The multiple-peak line profile can easily be retraced to the lifting of M degeneracy by ac-Stark shifts and is mainly due to the changing of the value of ac-Stark shift during the pulse, so that a molecule experiences the possibility to absorb resonantly laser quanta at different frequencies.
To render the time variation of the ac-Stark shift negligibly small two laser pulses of different duration can be applied. In this case the first pulse, which is supposed to be longer than second one, is used to produce an ac-Stark shift of a UDU resonance. The second pulse, which is of lower intensity, probes the UDU excitation. The results of computer simulations were obtained at deliberately increased duration and power of the first laser interaction and decreased power of the second laser, Fig. 12 . The contributions of each M subsystem to the total absorbed energy are presented, too. The spectra show that it is possible to create M splittings of UDU lines. Experimentally, the M splitting might be observed if a quantum system with a large transition dipole matrix element is considered. In this case it would be possible to achieve selective excitation of molecules with a well defined orientation. 
V. CONCLUSIONS
In this paper we have shown convincing results for a new excitation scheme for a two level system leading to UDU... transitions. These features have been observed thanks to the Gaussian beam profile of the employed lasers yielding adiabatic conditions for excitation. Spectral features due to complex Rabi oscillations in two-frequency fields are suppressed, i.e., do no longer dominate the dynamics of the excitation process. The two strong lasers employed induce an ac-Stark shift in the participating levels which we found to be in quantitative agreement with computer simulations. We also have shown that the excitations have a nonlinear character.
Due to the relatively small intermediate detunings, the weak field approximation for describing these 3 or 5 photon processes breaks down at higher laser powers or near onephoton resonance of the excitation laser͑s͒.
We have used computer simulations to obtain a proper understanding of the observations. The simulations are performed within the rotating wave approximation. Good agreement between experiments and computer simulations was found.
It should be pointed out that the UDU excitation scheme has some interesting applications. In general UDU... excitation can be realized with ͑2Nϩ1͒ laser beams propagating in different directions. In case of counterpropagating ''up'' and ''down'' beams the recoil momentum is the sum of absolute values of absorbed and emitted photon momenta, i.e. ͑2N ϩ1͒ បk where បk is the momentum of one photon. Thus, UDU excitation can be used to achieve significant deflection angles of particles in a beam as compared to one-photon pumping.
UDU excitation can be also used as Doppler-free spectroscopical technique in bulk, e.g., if three beams with k 1 ؊k 2 ϩk 3 ϭ0 are applied. This scheme can be easily realized with two lasers; the beam of the first laser with fixed frequency is split into two used to transfer the k 1 and k 3 momenta while the beam of the second laser is scanned in frequency to record Doppler-free spectra.
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